Abstract: Activatable fluorescent probes share the unique feature of being turned on only under specific conditions: they are "silent" when not interacting with a specific target protein, microenvironment, or reactive species. Several activatable fluorescence probes have demonstrated their potential in cell biology study, disease study and diagnosis, and even in the rapidly expanding field of image-guided surgery. In this review, we will summarize progress in the design of activatable probes and their application in studying cell biology or in optical imaging. Some of the most effective examples of activatable fluorescent probes will be presented and their application will be discussed.
INTRODUCTION
In vivo medical imaging has made great progress due to the advances in the engineering of imaging devices and to the developments in the chemistry of imaging probes. Optical imaging with fluorescent probes is a relatively new medical imaging technique offering several advantages as compared to other in vivo imaging methodologies: low cost, absence of ionizing radiations, short acquisition times, high sensitivity, and real time capabilities. However, fluorescent probes suffer from the limitations of poor tissue penetration, which restricts their in vivo application to surface or near-surface phenomena, and lack of quantitation due to unpredictable light scattering and absorption.
The design of probes for optical imaging is similar to that of contrast agents for other modalities: a targeting moiety, that is able to target specific cells or specific receptors, is conjugated with a label, the emitting fluorophore by means of a linker [1] . A particular property of the fluorescence signals is that they can be "switchable" allowing the development of target-specific probes which become fluorescent only in specific environments, i.e. when they are bound to the biological target. These "smart" probes have the potential to detect pathology in vivo with high sensitivity and specificity because the target signal is maximized while the background signal is minimized resulting in high target-tobackground ratios [2] . Moreover, fluorescent probes are able to respond to intracellular events, offering a powerful tool for studying fundamental aspects of cell physiology such as protein trafficking, organelle distribution and cell viability [3, 4] . Activatable imaging probes can be categorized according their activation mechanism into: 1) high molecular weight selfquenching probes that are activated upon disaggregation of component molecules; 2) large molecule probes linked to smallmolecule activatable probes; 3) small molecules with their own intrinsic mechanisms.
In this review, we will summarize progress in the creation of activatable fluorescent probes and their application in studying cell biology or in optical imaging. Our intent is to provide the reader with an overview of the tools and the potential applications rather than to compile an exhaustive list of fluorescent probes. We will first describe the photochemical mechanism for modulation of fluorescence signal intensity and then we will report and discuss some examples of application.
PHOTOCHEMICAL MECHANISMS FOR FLUO-RESCENCE SIGNAL QUENCHING AND ACTIVATION
The best known mechanism for fluorescence signal quenching and activation is the fluorescence resonance energy transfer *Address correspondence to this author at the Università degli Studi di Bari "Aldo Moro", Dipartimento Farmaco-Chimico, via Orabona, 4, 70125, Bari, Italy; Tel: +39-080-5442750; Fax: +39-080-5442231; E-mail: lacivita@farmchim.uniba.it (FRET), wherein energy is transferred from one fluorophore to another molecule when the two molecules are in close proximity (< 10 nm). The FRET pair consist of two fluorophore (self-quenching) or a fluorophore and a quencher molecule [5] . The self-quenching or homo-FRET occurs when excited fluorophores of the same type absorb energy from each other that otherwise would have led to an emitted photon, thus diminishing the fluorescence of the entire compound.
Excimer formation is another activating mechanism: an excimer is a complex of fluorophores in the ground-state and the excitedstate. The complex emits longer and broader wavelength fluorescence than monomers do. Since the complex can be formed only when the molecules are close to each other, this mechanism is useful to detect fluorescent molecules that are separated or in close proximity. Pyrene-based fluoroscent probes exploiting excimer emission approach have been reported for the imaging of potassiun concentration gradient in living cells or for the detection of serum levels of heparine [6, 7] .
A more widely applicable mechanism for developing activatable fluorescence probes is "photon-induced electron transfer" (PeT) which operates within a single fluorophore molecule and does not require the presence of a second molecule. Fluorescence quenching is due to electron transfer from the PeT donor to the excited fluorophore that diminishes the fluorescence of the fluorophore. As example, it has been reported that the fluorescence properties of fluorescein derivatives could be precisely controlled by intramolecular PeT between the benzoic acid moiety (PeT donor) and the xanthene ring (fluorophore). The HOMO or LUMO energy level of the benzoic acid moiety is able to modulate the rate of PeT and, thus, the fluorescence properties of the molecule [8] . Finally, another fluorescence quenching mechanism based on electron-transfer reaction is the "intramolecular charge transfer" (ICT) where the product of the intramolecular electron transfer from the donor D and the acceptor A is a charge-separated species, D + A -, which corresponds to the ground state of the free radical ion pair consisting of radical cation D + and radical anion A - [9] . Enhancement or suppression of ICT can lead to a red or blue shift in emission spectrum, thus resulting in a ratiometric signal that allow quantitative determination in living cells or tissues.
ACTIVATABLE FLUORESCENT PROBES AND THEIR APPLICATIONS

High Molecular Weight Activatable Fluorescent Probes
A strategy to design activatable probes involves enzymatic activation of the probe by secreted extracellular or cell surface enzymes. The probe is silent until it is activated by enzymatic cleavage in a specific microenvironment leading to the generation of the fluorescent signal mostly in the extracellular space. This strategy has the advantage that a single target enzyme can activate many fluorescence molecules amplifying the signal from target tissue with reduced background. However, the activation occurs in the extracellular space and, therefore, the probe can diffuse away from the target and contribute to background signal. Enzymeactivatable probes have been applied in tumors and inflammation imaging because the expression of specific enzyme activity is often elevated in such conditions and often relates to the disease severity.
Several activatable probes for matrix metalloproteinases (MPP) and for cathepsins have been designed on the basis of selfquenching mechanism. Fluorophore molecules are linked to a specific peptide backbone such as poly-L-lysine, which is degradated by the enzyme. Thus, the fluorophore molecules are separated from each other leading to fluorescence activation Fig. (1,  A) . This system worked well in vitro and in vivo allowing tumors visualization in rodents after intravenous injection [5] . However, the selection of the peptide backbone for specific protease is very limited. To overcome this limitation, the probes have been redesigned for better protease selectivity by introducing between the backbone and the fluorophore a peptide sequence cleavable specifically by a particular protease Fig. (1, B) . Tung and coworkers have developed near infrared (NIRF) activatable probes for cathepsins D, B and E, a protease family related to several diseases such as cancer, atherosclerosis, and Alzheimer's disease. The probes were prepared by conjugating a peptide specific for the studied cathepsin with Cy5.5, a red-emitting cyanine fluorophore. The probes succeded in detecting in vivo tumors that overexpress the specific enzyme with a good signal-to-background ratio [10] [11] [12] .
Cathepsin activatable probe have been employed also in atherosclerosis imaging. A recent study demonstrated by ex vivo imaging that a cathepsin B activatable probe could assess quantitatively the impact of anti-atherosclerotic treatments with statins, that reduced cathepsin-B activity in macrophage-rich plaques [13] .
Matrix metalloproteinase is another potential target enzyme. MMPs are overexpressed in cancer and play an important role in metastasis and angiogenesis. Bremer et al. described a Cy5.5 activatable probe specific for MMP-2, which provided successful results in vitro and in vivo. The degree of fluorescence activation well correlated with MMP activities and the fluorescence activation was inhibited by a MMP inhibitor [14] . MMPs are also highly expressed in atherosclerotic plaques. In proof-of-concept studies in mice MMP-2 and MMP-9 activity have been studied in vivo with a NIRF activatable probe that was able to evidence higher MMP activity in macrophage-rich atherosclerotic plaques and infarct zones [15, 16] . Recent studies on aneurysm formation have succeeded in monitoring MMP activity by multimodality imaging with fluorescence molecular tomography and CT; the intensity of MMP activity correlated with aneurysm development [17] . An alternative to self-quenching mechanism is the use of a fluorophore-quencher pair. In this case the background signal is very low and the activation ratio is higher as compared to selfquenching activatable probes. However, this strategy has limitations because only a limited number of biocompatible quencherfluorophore pairs with high activation ratios are available.
Piwnica-Worms and coworkers developed a quencherfluorophore activatable probe for detecting apoptosis. A fluorophore (AlexaFluor647) and a quencher (QSY21) were conjugated across a caspase recognition sequence which was combined with a Tat peptide to enhance permeation. Once exposed to caspases, the recognition sequence was cleaved, resulting in the separation of the quencher-fluorophore pair and, consequently, in signal generation. The probe revealed to be specific for effector caspases and probe activation was specific to apoptosis in HeLa cells treated with doxorubicin. Moreover, the probe was able to highlight induced apoptosis of retinal ganglion cells in a rat model of retinal neuronal excitotoxicity, suggesting the possibility to use effector caspase-activatable NIRF probes for noninvasive analysis of apoptosis in whole cells and living animals [18] .
The quencher-fluorophore approach has been applied also to develop a fluorescent activatable probe for detecting expression and activity of phospholipases (PL) C and A2, that are correlated with several diseases including cancer and inflammation. A series of phospholipids bearing the NIR fluorophore pyropheophorbide (Pyro) were synthesized, while the fluorescence quenching was achieved by attachment of a positively charged black hole quencher-3 (BHQ-3) to the phospholipid headgroup. The specificity to different phospholipases was modulated by insertion of different length spacers between Pyro and the lipid backbone. The C6-spacered probes demonstrated high selective sensitivity to PLC, whereas the C12-spacered probes were selective for PLA2. The probes were characterized in vitro on a plate reader and further studies in in vivo models are prospected [19] .
Large Molecule Probes Linked to Small-Molecule Activatable Probes
A strategy for increasing target specificity is to utilize targetcell-specific probes, which bind to target molecules on cell surface Fig. (1, C) . The binding leads to internalization of the probe and subsequent fluorescence activation through specific biochemical processes within the cell. As a result, the fluorescence signal is generated only in the target cells in a highly specific manner and remains localized within the target. However, the signal amplification is less pronounced as compared to enzymatic activation because only a limited number of fluorophore can be conjugated to the targeting moiety without affecting binding specificity and pharmakocinetic properties of the fluorescent probe. A fundamental aspect in the design of target-cell-specific activatable probes is that the three components of the probe, i.e. the targeting moiety, the linker and the fluorophore, must be integrated in such way that the overall properties of the molecule (target specificity, pharmacokinetics and fluorescent properties) allow to achieve the desired application.
As for target specificity, ligands should bind to the target but not to the background tissues. Among the biological targeting molecules, monoclonal antibodies and receptor ligands have the highest specificity. Since target-specific activatable probes do not emit signal before binding to target molecules, there is less background signal to comprise sensitivity and specificity. Therefore, activatable probes can have longer clearance times without compromising imaging which allows a greater amount of injected probe to accumulate in target tissues or cells. The activation ratio of the fluorescence signal must be high and, thus, an ideal probe yields little or no signal in the unbound state and becomes brightly fluorescent in the activated state with sufficient quantum yield.
Several studies have reported the identification of target-cellspecific activatable probes constituted by antibodies, proteins or peptides, as targeting molecules, and by different fluorophores, that are able to detect tumors in vivo with high sensitivity and selectivity.
As example, Ogawa et al. have reported on activatable optical probes that exploited the H-type dimer formation as mechanism for modulating fluorescence emission. Some fluorophores, such as xanthenes derivatives, are known to form homodimers at high concentrations in aqueous solutions. This homodimer formation induces short (H-dimer) or long (J-dimer) shifts of absorbance spectra, which completely quench the emission of fluorescence signal. The probes were designed starting from the hypothesis that each fluorophore has only a few preferential reaction site on a protein and this might lead to crowd fluorophores at specific site on the protein resulting in homodimer formation and, thus, in fluorescence quenching. Fluorophore dimer formation is potentially dissociable after conformational change or catabolism of the bound protein resulting in activation of fluorescence signal. Therefore, rhodamine derivatives were conjugated to the cancer targeting molecules, avidin and trastuzumab, that bind at D-galactose receptor and at HER/2 receptor, respectively. Actually, after conjugation, a large proportion of rhodamine derivatives formed Htype dimers that were dequenched upon dissociation of the dimers to monomers. In particular, the highly quenched probe avidin-TAMRA was able to clearly visualized ovarian metastases when administered to mice [20] .
Nakajima et al. have recently reported an activatable monoclonal antibody-fluorophore conjugate that was prepared by linking the humanized anti-prostate-specific membrane antigen (PSMA) antibody (J591) to an indocyanine green derivative. The conjugated probe showed a 18-fold activation in light emission after binding to PMSA and cellular internalization permitting the specific detection of tumors positive to PMSA up to 10 days after injection of a low dose of the probe [21] . Other examples are reported in the next section (for extensive review see ref. [22] ). Of particular interest is the possibility to exploit the specificity and the sensitivity of target-cell-specific fluorescent probes for assisting surgery resection of tumors. By using fluorescence-guided endoscopy, tiny tumor sites, invisible at naked eye, become clearly visible improving radical resection of lesions without unnecessary damage to healthy tissue [23] .
Small-Molecule Activatable Fluorescent Probes
Small-molecule activatable fluorescent probes have been employed for studying cell physiology in several in vitro models. Photon-induced electron transfer and internal charge transfer are the most applied photochemical mechanism to develop small-molecule activatable fluorescent probes. FRET mechanism is not frequently employed, because at least two fluorophores are necessary for this type of probes. Thus, the overall molecular size of the probe is relatively large resulting in low cellular uptake.
We here report some examples for detection of reactive oxygen (ROS) and reactive nitrogen species (RNS), of intracellular pH, and of metal ions.
Fluorescent Probes for Reactive Oxygen and Reactive Nitrogen Species
ROS and RNS have emerged as prevalent and important components of both physiological and pathological states of living organisms. Although traditionally thought as markers of oxidative stress and damage, newer data support the notion that ROS and RNS are important signaling molecules involved in several cellular functions. Nitric oxide (NO) is the archetypal of RNS/ROS second messanger, implicated in a wide range of physiological processes ranging from vasodilatation in the circulatory system [24] to neurotransmission in the central nervous system [25] . Another important small signaling molecule is hydrogen peroxide (H 2 O 2 ), which until recently has been considered only as an oxidative stress markers in aging and diseases or as a defense agent in response to pathogen invasion. Hydrogen peroxide is produced in cells throughout the body and is a component of cell signaling pathways that are fundamental for growth, development, and fitness of living organisms [26] . Fluorescence imaging offers a potentially powerful methodology to study chemistry and biology of ROS in living systems with high spatial and temporal resolution. Numerous ROS/RNS are known and the reactivity of each species differs substantially. Therefore, a key chemical challenge to overcome is disentangling the roles of individual, transient ROS and RNS in a complex oxidation biology cascade. As example, dihydrodichlorofluorescein (DCFH) is widely employed for detecting global oxidative stress, but it is unable to discriminate among different oxidants. Nagano et al. reported two fluoresceinbased probes, named as HPF and APF that can detect specifically hydroxyl radical and hypochlorite [27] . These probes exploited the O-dearylation reaction of aryloxyphenols and aryloxyanilines which is catalyzed by hydroxyl radical (•OH). HPF and APF are almost non fluorescent due to intramolecular PeT from hydroxyl or aminophenoxy group. When these moieties are cleaved off by the reaction with •OH, highly fluorescent fluorescein is formed Fig. (2,  A) . The same O-dearylation reaction was the key reaction in MitoHR and MitoAR Fig. (2, B) , another type of ROS-selective probes based on fluorescent tetramethylrhodamine scaffold. MitoAR responds mainly to •OH and hypochlorite, whereas MitoHR is sensitive only to •OH. These probes accumulate selectively in mitochondria of living HeLa cells and can detect damage to mitochondria caused by ROS. In particular, MitoAR was able to evidence that 10 M hydrogen peroxide can cause damage to mitochondria in living HL60 cells [28] .
As for H 2 O 2 detection, Chang and coworkers have exploited a new class of probes with properties amenable for imaging applications in living systems Fig. (3, A) . They reported that the H 2 O 2 -mediated conversion of arylboronates to phenols can provide a chemospecific and biologically compatible reaction for detecting endogenous H 2 O 2 production. As example, the introduction of boronic esters at 3' and 6' positions of a xanthenone fluoran core led to PeroxyFluor-1 (PF1) where the boronates force the molecule to adopt a closed and non-fluorescent lactone form. The addition of H 2 O 2 to PF1 triggers chemospecific hydrolytic deprotection of boronate groups to generate the open fluorescein derivative with up to >1000-fold increase in green fluorescence. The deprotection reaction was selective against other ROS as superoxide, NO, and hypochlorite. Moreover, PF1 is membrane permeable and can image changes in intracellular H 2 O 2 pools within cells [29, 30] . Peroxy Yellow 1 Methyl-Ester (PY1-ME, Fig. (3, B) ) has been used to demonstrate that specific types of aquaporin channels regulate the uptake of H 2 O 2 in mammalian cells. Aquaporin-mediated H 2 O 2 accumulation can amplify or diminish downstream signaling cascades that rely on this ROS as a physiological messenger [31] core (such as fluorescein, rhodamin, BODIPY and cyanine), the intrinsic fluorescence is quenched by PeT. The reaction of the diamine moiety with NO generates the electron-poor triazole ring and triggers fluorescence turn-on of the dye Fig. (5) . A crucial feature of these probes is their high selectivity for NO under aerated conditions because the fluorescent triazole product is not formed by reaction with superoxides, hydrogen peroxide or peroxynitrite [22] . However, this represent a potential limitation because molecular oxygen is required to produce the intermediate reactive nitrogen species capable of forming the ultimate fluorescent triazole rendering them unable to provide spatial or temporal information. Lippard and coworkers have described a metal-based approach for direct fluorescence detection of NO that does not require the presence of molecular oxygen Fig. (6, A) [33] . CuFL1 with NO generates the fluorescent nitrosylated fluorophore FL1-NO, presumably through a sequence involving NO-mediated reduction of Cu 2+ to Cu + followed by nitrosylation via NO + of FL and subsequent dissociation of Cu + /FL-NO complex [34] . The system is highly specific to NO showing selectivity over other RNS and ROS. Very recently, seminaphthofluorescein-based NOsensitive probes were reported Fig. (6, B) . These probes showed longer emission wavelengths as compared to FL1, high selectivity over other RNS, and proved to be able to visualize endogenously produced NO in Raw 264.7 macrophages living cells [35] .
Fluorescent Probes for Intracellular pH
Intracellular pH plays many critical roles in enzyme, cell, and tissue activities, such as proliferation and apoptosis, ion transport, synaptic transmission, neuronal excitability. Changes in pH inside cells are important for cellular internalization pathways, such as phagocytosis, endocytosys, and receptor internalization. Abnormal intracellular pH values are associated with inappropriate cell function, growth and division and are observed in cancer and Alzheimer disease [36, 37] . In cell biology, low pH values in organelles can serve to denature protein or to activate enzyme and protein functions that would be too slow around pH 7.0. Fluorescence spectroscopy can be used to measure intracellular pH with the advantage of spatial and temporal observation as compared to other techniques such as microelectrodes, nuclear magnetic resonance or absorbance spectroscopy. Qualitative measurements of intracellular pH can be achieved by using either fluorescent indicators that switch on or off at sharply defined pH values or ratiometric fluorescent probes. Ratiometric spectroscopic methods require fluorescent sensors that are differentially sensitive to protons for at least two excitation or emission wavelengths. Fluorescent sensors are usually highly charged compounds that are not able to diffuse into cells. A strategy to import highly charged fluorescent compounds into cells is the "prodrug approach": a neutral cell-permeable form of the dye diffuse inside the cells where it undergoes chemical modification to liberate the charged fluorescent form of the molecule. The archetypical example is the acetoxymethyl or acetate esters of fluorescein as intracellular pH indicators. However, free pH indicators are somewhat expelled from the cells, therefore, the rate of dye leakage from the cells is fundamental. Usually, more highly charged molecules are expelled slower; alternatively, pH indicators can be coupled to carrier molecules that do not cross cell membrane (i.e.: dextran). Numerous fluorescent pH indicators have been reported (for extensive review see ref. [38] ) that have been designed starting from fluorescein, rhodamine, benzoxanthene dyes Fig. (7, A) .
Urano et al. have recently described a series of BODIPY-based pH activatable fluorescent molecules that were conjugated with trastuzumab, the human epidermal growth factor type 2 (HER2) monoclonal antibody, in order to develop an optical probe for tumor-imaging in cancer diagnosis [39] . The fluorescent moieties were designed by inserting different substituted anilines on the 2,6-dicarboxyethyl-1,3,5,7-tetramethylBODIPY fluorophore. BODIPYs show strong emission above 500 nm and their spectral properties are not influenced by solvent polarity and pH. N,N-dialkylated anilines were introduced in the BODIPY core to develop a series of pH-tunable compounds. The non-protonated compounds were almost non fluorescent due to the PeT from the aniline to the fluorophore, but the compounds became highly fluorescent in the protonated form with a 300-fold increase in emission Fig. (7, A, B) . The resulting probe-antibody conjugates were acid-sensitive, showed reversible fluorescence, and the pKa values of the conjugated antibodies were in the same range of the free probes. The conjugated antibodies were able to bind HER2 receptors in NIH3T3/HER2 cells and were partially internalized by endocytosis leading strongly fluorescent spots within the cells. The conjugated probes were tested also in vivo in mice bearing lung NIH3T3/HER2 tumors, producing signals only from HER2-positive tumors with low background fluorescence. Adopting the same strategy, Hoogendoorn et al. have developed pH-activatable activity-based cathepsin probes [40] . The probes were prepared by conjugating the pH-sensitive BODIPYs with a mannose cluster, that binds the mannose receptor responsible for probe internalization, and with DCG-04 amine, that binds cathepsin. The probes were tested in immature dendritic cells producing brightly fluorescent vesicles after 30 minutes incubation.
Very recently, Lee et al. have described the identification of NIRF pH-activatable fluorescent probes for imaging breast tumors [41] . The probes were designed by conjugating a cyanine pHsensitive dye to cRGD, a v 3 integrin receptor-avid peptide. RGD peptides exhibit high binding affinities for v 3 integrin receptor which is up-regulated in tumor cells Fig. (7, C) . As pH-sensitive fluorophore was selected a nor-cyanine dye because it showed minimal fluorescence in neutral and basic media, excitation in the near-infrared region, good water solubility and functionalizable group for conjugation to biomolecules. The typical molecular framework of nor-cyanines is the presence of one or more unsubstitued nitrogen on the heterocyclic ring. The reversible, pH- dependent spectral shift arises from protonation/deprotonation of the indolium ring nitrogen. Therefore, the compounds are almost completely nonfluorescent when the nitrogen is not protonated, but they become highly fluorescent when protonated. Cell microscopy data in MDA-MB-435 and 4T1/luc tumor cells demonstrate that binding of the cRGD probe to v 3 integrin receptor facilitated the endocytosis-mediated lysosomal accumulation and subsequent fluorescence enhancement of the NIR pH-activatable dye. A similar fluorescence enhancement mechanism was observed in vivo in an orthotopic tumor mouse model, demonstrating the potential of pHsensitive probe for detection of primary and metastatic tumors.
Fluorescent Sensors for Metal Ions
Metal ions are required for the proper functions of all cells in living organisms; alterations in cellular localization and homeostasis are connected to severe diseases including cancer and neurodegenerative diseases [42, 43] . Even in this field, fluorescent small molecules offer great opportunities for real-time study, function or toxicity of metals in living organisms. A fundamental property of an effective fluorescent probe for metal ions is the selectivity for a specific ion over other biologically abundant ions. Therefore, the knowledge of principles of coordination chemistry is critical for designing and obtaining metal-selective response. Moreover, probes must be matched with dissociation constants appropriate to the system under study because the probe is involved in complex equilibria with the endogenous ligand within the cell. As for the fluorescence signal, a turn-on emission increase or shift in excitation/emission profiles is preferred over a turn-off emission quenching response in order to maximize spatial resolution.
Numerous fluorescent sensors able to respond selectively to zinc, copper, iron, mercury, lead, cadmium have been reported (for extensive review see ref. [44] ). These sensors have been prepared by linking the fluorescent reporters to the appropriate chelating moiety. Metal ion binding to the probe can either stop the PeT quenching of the dye reporter restoring fluorescence from the dye or cause a shift of emission wavelength.
Zinc is the second most abundant transition metal in human body; various cell types accumulate labile Zn 2+ pools for specific functions. For example, Zn 2+ is released upon neuronal activity and it is involved in synaptic plasticity [45] . The fluorescein-based Zinpyr probe family represents a preminent class of Zn 2+ sensors. ZP1 Fig. (8) combines a dichlorofluorescein core with two appended di-2-picolylamine (DPA) moieties, which confers high selectivity for Zn 2+ over hard metals such as Ca 2+ and Mg 2+ [46] . ZPP1 is structurally related to ZP1 where one pyridine ring is substituted with a pyrazine nucleus in each DPA Fig. (8) . ZPP1 exhibited lower background fluorescence and higher fluorescent turn-on when complexed with Zn 2+ as compared to ZP1 [47] . ZPP1 was used to detect and monitor the development of prostate cancer in vivo in TRAMP mouse model, an animal model that mimics human disease. The healthy prostate contains the highest concentrations of Zn 2+ of all soft tissues in the body; these levels dramatically decrease during the development of prostate cancer. ZPP1 was able to monitor in vivo decreasing zinc content in the prostate of tumor-bearing mice in an age-dependent manner [48] . Nagano et al. tuned the dissociation constant of the fluoresceinbased ZnAF probe family by seven order of magnitude through iterative replacement of DPA receptor with related ligand sets with the aim to identify the appropriate probe for visualization of Zn 2+ release upon neuronal depolarization in rat hippocampal slices [49] . Quian et al. have described a Zn 2+ fluorescent sensor that was developed from an ICT fluorophore. ICT-based fluorophores display large Stokes shift that improve the imaging quality because of the reduced excitation interference. The fluorescent sensor (NBD-TPEA) combined the 4-amino-7-nitro-2,1,3,benzoxazole with three (pyridin-2-yl)methylamine moieties that were expected to coordinate Zn 2+ in a synergistic manner. The probe proved to be selective for other biological cations, such as K + , Na + , Ca 2+ and Mg
2+
, and distributed in lysosome and Golgi apparatus when tested in several cell lines [50] Fig. (8) .
Copper is required by living organisms because of its potent redox activity and propensity to engage catalytic chemistry. However, if unregulated, copper can also cause, or exacerbate, oxidative stress and damage events connected with aging and diseases [51] . Fluorescence sensors for Cu + are quite rare because Cu + tend to disproportionate in water to Cu 2+ and Cu(0). Zeng et al. reported a BODIPY-based indicator for Cu + , CS1 Fig. (9, A) [52] . This probe showed high selectivity over other metal ions, including Cu 2+ and good membrane permeability. CS1 was able to sense variations in level and distribution of labile Cu + in living cells. As for Cu 2+ , the vast majority of fluorogenic reagents report this ion by a turn-off response because the coordination of Cu 2+ to a ionophore-fluorophore pair often results in fluorescence quenching. However, this type of probes have limited utility for visualization of biological Cu 2+ pools. Several turn-on fluorescent probes for Cu 2+ have been described but they have not been applied to biological systems yet [53, 54] . As example, the turn-on rhodamine-based probe reports Cu 2+ chelation by influencing the equilibrium between the closed, nonfluorescent spirolactam form and the open, fluorescent acid form of rhodamine Fig. (9, B) [53] . Recently, Yuan et al. described a photocaged copper-responsive fluorescent probe, bisNPE-FL-Hy, that integrates the rhodamine hydrazide-based copper fluorescent probe with the caging strategy of the fluorescein dye. It is known that the non fluorescent nitrobenzyl-caged fluorescein derivative could be converted into fluorescein upon photolysis. bisNPE-FL-Hy is nonfluorescent and resistant to Cu 2+ -induced hydrolysis in the dark; upon photolysis the nitrobenzyl group are removed to uncage fluorescein hydrazide which can be hydrolyzed further by Cu 2+ to provide fluorescein Fig. (10) [55]. This probe was selective over other metal ions and was able to image Cu 2+ pools in HeLa cells with good spatial resolution.
CONCLUSION AND PERSPECTIVES
Activatable fluorescent probes share the unique feature of being turned on only under specific conditions. This offers great advantages in terms of target-to-background signal ratio since the probe is "silent" when it is not interacting with a specific target protein, microenvironment, or reactive species. Several activatable fluorescence probes have demonstrated their potential in cell biology study, disease study and diagnosis, and even in the rapidly expanding field of image-guided surgery.
Many challenges have been successfully overcome and yet others are unmet. Brighter fluorescence turn-on responses, the availability of NIRF probes as well as the identification of fluorescent probes with high specificity for specific cellular targets or high targetability to specific subcellular locations would open new perspectives in molecular imaging. Newer achievements in fluorescence optical imaging will rely on the synthesis of knowledge from many fields including chemistry, molecular biology, fundamental optical science, and medical imaging. The discovery of new activatable fluorescent probe will contribute to the progress in the molecular characterization of disease with diagnostic imaging and will fuel biomedical engineering and device technology. Conversely, availability of sophisticated instruments and the maturity of fluorescent optical imaging will increase the demand of more powerful activatable fluorescent probes.
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